SUMMARY The effect of cycle length on atrial vulnerability was studied in 14 patients manifesting reproducible repetitive atrial firing during atrial extra-stimulus (A2) testing. Repetitive atrial firing was defined as the occurrence of two or more premature atrial responses with return cycle (A2-A2) of 250 msec or less and subsequent mean cycle length of 300 msec or less, following A2. The zone of repetitive atrial firing could be defined in terms of its longest and shortest A,-A2 coupling intervals. Each patient was tested at a long cycle length (CL1) (mean 884 msec) and a short cycle length (CL2) (mean 557 msec). CL1 was sinus rhythm, and CL2, an atrial paced rhythm. Repetitive atrial firing occurred in two patients at CL, and in all patients at CL2. Of the former two patients (group 2), the zone of repetitive atrial firing was markedly widened in one at CL2 NONUNIFORM RECOVERY OF VENTRICULAR MUSCLE (dispersal of ventricular refractoriness) predisposes to ventricular fibrillation. Classically, cycle length has been said to affect uniformity of refractoriness, long cy-due to a shortening of atrial functional refractory period (FRP) at CL2. In the other, zone of repetitive atrial firing could not be totally defined due to induction of sustained atrial flutter preventing definition of atrial FRP. The occurrence of repetitive atrial firing at only CL2 in 12 patients (group 1) reflected: 1) a shortening of atrial FRP from 294 ± 11 msec at CL, to 242 ± 10 msec at CL2 (mean ± SEM; P < 0.01), allowing delivery of A2 at shorter coupling intervals (9) ; 2) the new occurrence of repetitive atrial firing at A,-A2 coupling intervals achievable at both cycle lengths (1); or 3) both effects (2) .
In conclusion, decrease of cycle length potentiated atrial vulnerability. This demonstration implies that atrial pacing could potentiate occurrence of paroxysmal atrial fibrillation or flutter.
cle lengths causing variation in ventricular refractory periods, and short cycle lengths producing more uniform repolarization.' It has been reported that long cycle lengths predispose to ventricular ectopic activity and ventricular fibrillation..2 3 It has recently been suggested that slow atrial rates predispose to atrial ectopic activity by a similar mechanism.4 If this hypothesis were true, then one would expect shortening of atrial cycle length to decrease atrial vulnerability to atrial fibrillation. In the present study we examine the effects of atrial cycle length on the phenomenon of atrial extrastimulus induced atrial repetitive firing. The results demonstrated that decreasing cycle lengths predisposed the atrium to repetitive firing. These results are relevant to the utilization of atrial pacing for the control of atrial dysrhythmia.
Methods and Definitions
Electrophysiologic studies are performed in our laboratories for evaluation of atrioventricular and intraventricular conduction defects, sinus node disease, and for elucidation of paroxysmal supraventricular and ventricular tachycardias. Electrophysiological evaluation includes determination of basic conduction intervals, incremental high right atrial and ventricular pacing and atrial and ventricular extrastimulus testing at two or more cycle lengths in most patients. P-A interval, as previously defined, is a measure of high-to-low right atrial conduction time.5 6 Sinus recovery time (SRT)6 is a mean of three determinations of the atrial asystolic period following sudden cessation of atrial pacing at 130 beats/min. Calculated sinoatrial time (SACT) is determined by the extrastimulus method of Strauss et al. 7 Atrial functional refractory period (FRP) has been previously defined. 8 The following extrastimulus conventions were used in the present study: A1 was the designation for atrial electrograms of sinus or driven beats. A1-A, was thus the cycle length of sinus rhythm or an atrial driven rhythm. S, was the stimulus of driven beats (S,-S, being the driven cycle length). S2 and A2 were the extrastimulus and its high right atrial response, S,-S2 being the extrastimulus and A,-A2 the atrial coupling intervals. A. was the first return beat following S% and A4 was the second return beat.
Repetitive atrial firing (RAF) was defined during extrastimulus testing and was the occurrence of two or more early atrial responses with a return cycle (A2-A3) of 250 msec or less and a subsequent cycle length (A3-A4 and subsequent cycles) of 300 msec or less. The sequence of atrial activation was assessed from two or more right atrial catheter recording sites and sometimes a left atrial recording site. The surface cardiogram was inspected for P wave morphology during repetitive atrial firing and for evidence of atrial flutter or fibrillation. figure 1 .
Electrophysiological Characteristics of RAF
The morphology of atrial activity on the surface electrocardiogram and on the intra-atrial electrograms was studied. Episodes of RAF of 10 beats or more were classified as atrial fibrillation if intra-atrial electrograms showed irregular depolarizations at a mean cycle length of 160 msec or less ( fig. 3 ). Four patients (4, 5, 7, 12) showed atrial fibrillation thus defined, in three of whom this was sustained ( > two minutes duration). Atrial flutter was considered to be present when intra-atrial electrograms showed 10 or more regular depolarizations with a mean cycle length of about 200 msec. Three patients (9, 10, 14) showed atrial flutter thus defined; in one of these, this was sustained. Intra-atrial activation sequence could be defined in ten of the 14 patients; the remaining four had atrial fibrillation. The sequence during atrial flutter in patients 9, 10, and 14 was high to low in the right atrium in two patients, and low to high in the third. The remaining seven patients with RAF had a high to low right atrial sequence in six, and simultaneous high and low depolarization in one (1) atrial fibrillation, three were sustained. In none of these four patients was atrial fibrillation previously documented.
Discussion
In the classic studies on ventricular vulnerability, it was demonstrated that ventricular fibrillation could be induced by a single suprathreshold ventricular extrastimulus.' Various interventions are known to decrease ventricular fibrillation threshold (increase ventricular vulnerability).
Sympathetic stimulation, ischemia, digitalis, and quinidine have been shown to bring this about by increasing the inhomogeneity of recovery."" 11 Further, ventricular fibrillation threshold was demonstrated to be reduced by long cycle lengths which increase dispersal of refractoriness.' In keeping with these observations, Lown demonstrated that ventricular tachycardia complicating myocardial infarction was more common in patients with bradycardia than in those without.2 Recent work has challenged the classic teaching regarding cycle length and ventricular vulnerability. In a pooled series analyzed by the NIH team, mortality in myocardial infarction was less (12% of 346 patients) in the presence of untreated sinus bradycardia than (28% of 2012 patients) in the presence of heart rates above 60 beats/min. Ventricular fibrillation occurred with equal frequency (7%) in 735 patients following infarction, whether or not heart rate was below 60 beats/min. In the ischemic dog, atropine and cardiac pacing failed to reduce the incidence of "malignant ventricular arrhythmias." Furthermore, acceleration of rate in the ischemic dog actually decreased electrical stability and increased dispersal of refractoriness, an effect opposite to that classically found in the nonischemic dog. '1 12 There is also some data demonstrating increasing dispersal of ventricular refractoriness at both very long and very short cycle lengths in the same experimental animal.'3 Less information is available regarding the atria, where data on the effects of cycle length upon atrial vulnerability is limited. Han et al. showed that at slow heart rates in the dog, there was greater dispersal of recovery of atrial excitability than at faster rates."4 Since ventricular ectopic activity was associated with temporal dispersal of refractoriness, it followed that atrial ectopic activity should also be increased at slow heart rates. Goel and Han subsequently described five patients in whom atrial ectopic activity associated with sinus bradycardia was abolished when the sinus rate increased spontaneously or after atropine.' If, in man, lengthening of the atrial cycle length increases dispersal of atrial refractory periods, one would predict that shortening cycle length with pacing would protect against atrial fibrillation and possibly other atrial dysrhythmias. On these grounds, atrial pacing has been suggested as prophylaxis in patients with known paroxysmal atrial fibrillation or flutter, particularly if complicating sinus node disease." [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In this report we have examined the effects of cycle length on the induction of repetitive atrial firing, a marker of atrial vulnerability. Fourteen patients demonstrating repetitive atrial firing were tested at two cycle lengths. Twelve of the patients had RAF only at the shorter paced cycle length (CL2); two patients had RAF at both tested cycle lengths.
Two effects accounted for the marked potentiation of RAF at CL2, namely, 1) a shortening of atrial functional refractory period (due to decrease in cycle length), allowing exposure of the atrium to shorter coupling intervals at CL2, and 2) a shift to the right (later in diastole) of Another note of caution should be entered regarding the present study. The possibility that we were demonstrating stimulated automaticity must be considered. Recent work suggests that cells depolarizing via slow calcium channels may develop after-depolarizations capable of achieving threshold, following extrastimuli.'9 This phenomenon is potentiated by shortening of cycle length, as was repetitive atrial firing in the present study. It is also likely that atrial disease (presumably present in many of our patients) predisposes to utilization of slow channels, possibly by inactivating fast sodium channels. This also supports the possibility that our results could reflect cycle length potentiated slow channel automaticity.
Clinical Implications
We have demonstrated that decreasing cycle length promotes repetitive atrial firing and increased atrial vulnerability in man. The major clinical implication of these findings would be for the utilization of atrial pacing for increasing rates in sinus node disease and also for suppression of atrial premature beats or prophylaxis against paroxysmal atrial flutter or fibrillation."'l From our data, we would predict that atrial pacing could, or perhaps even should, potentiate the development of atrial fibrillation and/or flutter. This could be particularly troublesome in patients with symptomatic sinus node disease treated with atrial pacing. However, if atrial pacing were to eliminate atrial premature beats, the potentiated vulnerability to RAF and atrial fibrillation would be insignificant.
It is interesting to speculate that cycle length potentiated atrial vulnerability in the form of RAF might be amenable to manipulation and control. Maneuvers or drugs which prolong CL and/or lengthen atrial functional refractory periods theoretically might narrow or abolish the zone of RAF. Such manipulations could be tested experimentally.
Our results suggest that the utilization of atrial pacing for prophylaxis against paroxysmal atrial flutter and fibrillation requires further investigation.
